1. Introduction
===============

Nephrotic syndrome (NS) is a common glomerular disease characterized by massive proteinuria and hypoalbuminemia at any age. The most frequent type is idiopathic nephrotic syndrome (INS), which clinically manifests with histological differences, such as minimal change nephropathy and focal segmental glomerulosclerosis.^\[[@R1]\]^ Glucocorticoids (GCs) are recommended as a mainstay of therapy^\[[@R2]\]^; however, patients with INS show a varied response. Although most INS sufferers respond to steroids, some subjects remain steroid dependent or steroid resistant, especially in children.^\[[@R3]\]^ Furthermore, a poor response to steroids indicates an unfavorable prognosis and high risk of end-stage renal disease.^\[[@R4]\]^ Therefore, it is essential to identify risk factors contributing to failure of immunosuppressive treatment. Genetic backgrounds were reported as a prominent etiology of INS. Variants of genes that encode podocyte proteins result in structural defects of the glomerular filtration barrier and subsequent onset of NS as well as steroid resistance.^\[[@R5]--[@R7]\]^ Additionally, factors that modulate response to therapeutic regimens such as P-glycoprotein (P-gp) are another risk.^\[[@R8]\]^ P-gp is encoded by multidrug resistance protein 1 (*MDR1*), which is also known as ATP binding cassette subfamily B member 1 (*ABCB1*), and acts as a transmembrane efflux pump for numerous drugs involved in absorption, distribution, and elimination. GCs are transported by P-gp and induce *MDR1* expression.^\[[@R9]\]^ In addition, expression of *MDR1* and P-gp activity are negatively correlated with steroid sensitivity in children with NS.^\[[@R10]--[@R12]\]^ Furthermore, there is evidence that polymorphisms in *MDR1* may influence disease occurrence and response to drug treatment through changes in gene expression and P-gp activity.^\[[@R13]\]^

During the past decade, there has been increasing interest whether there is an association between *MDR1* polymorphisms and aspects of INS, including susceptibility to the disorder and steroid responsiveness. Several case-control studies have investigated whether INS risk and the therapeutic effect of GCs are associated with common single nucleotide polymorphisms (SNPs) found in the exons of *MDR1*, specifically, rs1128503 (C1236T), rs1045642 (C3435T), and rs2032582 (G2677T/A). However, these studies yielded inconsistent results. Youssef et al^\[[@R14]\]^ reported that the T allele and TT genotype of rs1045642, and the T allele and GT, TT, and TT + AA genotypes of rs2032582 were significantly increased in patients with INS, but no significant evidence of association was found with any of these 3 SNPs in the cohort tested by Cizmarikova et al.^\[[@R15]\]^ Jafar et al^\[[@R16]\]^ showed that the frequencies of homozygous mutant TT/AA genotypes of rs2032582 were significantly increased in affected children with steroid resistance, whereas Chiou et al^\[[@R17]\]^ observed a trend with the T allele of rs1128503 in their cohort.

To confirm genetic markers of INS risk and steroid resistance, and conforming to Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) checklists and guidelines,^\[[@R18]\]^ we performed a meta-analysis to assess whether there is evidence of a correlation between these three *MDR1* polymorphisms and increased risk of susceptibility to INS or to steroid resistance. Furthermore, our findings may show whether these polymorphisms are informative as potential biomarkers for INS risk and steroid responsiveness.

2. Methods
==========

2.1. Ethics
-----------

Our meta-analysis used previously published studies, and therefore, ethical approval and informed consent for our study were not applicable. However, all studies that were included in our meta-analysis received ethics approval from the respective ethics committee and patient consent was obtained.

2.2. Search strategy
--------------------

We searched for eligible studies using the following databases: PubMed, Embase, and Web of Science, using the key words or phrases "MDR1, ABCB1, multidrug resistance gene, multidrug resistance protein 1," "polymorphism (s)," and "nephrotic syndrome." There was no limitation of language and the last search update was performed on October 15, 2016. In addition, references from related studies and reviews were manually searched to identify additional studies.

2.3. Definition of NS/SS/SR
---------------------------

We defined NS in children according to the International Study of Kidney Disease in Children (ISKDC) as proteinuria of 40 mg/m^2^/h and hypoalbuminemia (serum albumin \<2.5 g/dL). Steroid sensitive (SS) was defined as the disappearance of proteinuria within 4 weeks of initial standard steroid therapy, which was treatment with prednisone 2 mg/kg/d or 60 mg/m^2^ body surface area/day. Patients who had persistent proteinuria after 4 weeks of prednisone therapy were categorized as steroid resistant (SR).^\[[@R19]\]^

The diagnosis of NS in adults was heavy proteinuria (24-hour urinary protein excretion \>3 g) and hypoalbuminemia (serum albumin \<2.5 g/dL).^\[[@R20]\]^ SS was assigned to affected adults with negative proteinuria after 16 weeks of standard steroid therapy (prednisone 1 mg/kg/d), while persistent proteinuria was considered SR.^\[[@R21]\]^

2.4. Inclusion and exclusion criteria
-------------------------------------

To identify eligible studies for our meta-analysis, we used the following inclusion criteria: (1) case-control study, (2) investigated whether there were associations between the *MDR1* polymorphisms, rs1128503, rs1045642, and rs2032582, and susceptibility to INS and/or steroid responsiveness in INS, and (3) detailed genotype frequencies were available.

Studies were excluded based on the following criteria: (1) study included secondary NS, (2) detailed genotype data were not available, (3) meeting abstract, (4) family-based study of pedigrees, or (5) duplication of previous publications.

2.5. Data extraction
--------------------

Two reviewers (Y-QX and X-CG) independently extracted the following data of each eligible study: author name, year of publication, country, ethnicity, subpopulation, diagnostic criteria of NS, the definition of SS and SR, genotyping method, Hardy--Weinberg equilibrium (HWE), sample size of cases, controls, SS, and SR groups, and genotype frequencies of all groups.

2.6. Assessment of methodological quality
-----------------------------------------

Two investigators (S-SH and YL) independently evaluated the quality of the included studies according to the Newcastle--Ottawa Scale (NOS) for a case-control study.^\[[@R22]\]^ Three dimensions including selection, comparability, and exposure were categorized in NOS. A star system was used to semi-quantitatively assess study quality. A maximum of 1 star was awarded for each item from the selection and exposure categories, whereas a maximum of 2 stars could be assigned for comparability. In the context of our meta-analysis, studies with 7 or more stars were considered high quality, whereas studies between 4 and 6 stars were considered medium quality, and studies with less than 4 stars were considered poor quality.^\[[@R23]\]^ Differences in scoring were resolved by discussion to achieve consensus, and confirmed by another reviewer (YW).

2.7. Statistical analysis
-------------------------

HWE of the control group was evaluated using an online tool (available at <https://ihg.gsf.de/cgi-bin/hw/hwa1.pl>) for each study.^\[[@R24]\]^ The association between *MDR1* polymorphisms and INS risk was assessed by determining the odds ratio (OR) and 95% confidence interval (CI). Pooled ORs were generated using the following genetic models: allelic comparisons (rs1128503 T vs. C, rs1045642 T vs. C, and rs2032582 T/A vs. G), homozygous model (rs1128503 TT vs. CC, rs1045642 TT vs. CC, and rs2032582 TT/AA vs. GG), heterozygous model (rs1128503 CT vs. CC, rs1045642 CT vs. CC, and rs2032582 GT/GA vs. GG), dominant model (rs1128503 TT + CT vs. CC, rs1045642 TT + CT vs. CC, and rs2032582 TT/AA + GT/GA vs. GG), and recessive model (rs1128503 TT vs. CC + CT, rs1045642 TT vs. CC + CT, and rs2032582 TT/AA vs. GG + GT/GA). *P* values were determined with the *Z*-test and *P* \< .05 was considered statistically significant. The reported *P* was adjusted using Bonferroni--Holm correction (BON) and Benjamini--Hochberg False Discovery Rate (FDR) methods to control the overall false positive rate.^\[[@R25],[@R26]\]^ In addition, we performed haplotype analysis comparing each haplotype to all other haplotypes (i.e., N-N-N vs. non-N-N-N).

The *Q* test and *I*^2^ statistic were carried out to assess heterogeneity, which was considered significant with *P* \< .10 or *I*^2^ \> 50%.^\[[@R27]\]^ Either a fixed-effects model or a random-effects model was adopted according to the heterogeneity.^\[[@R28]\]^ Subgroup analysis was performed to explore heterogeneity stratified by ethnicity and subpopulation. We used sensitivity analysis to test the reliability of our results by singly omitting each study in turn, and studies that did not meet HWE in the control group were also removed from the sensitivity analysis. Publication bias was evaluated by Begg funnel plot and Egger linear regression test, and *P* \< .05 was considered statistically significant.^\[[@R29],[@R30]\]^ All statistical analyses were performed by STATA version 12.0 (StataCorp, College Station, TX).

3. Results
==========

3.1. Characteristics of studies included in the meta-analysis
-------------------------------------------------------------

Fifty-nine publications were identified using our search criteria from the PubMed, Embase, and Web of Science databases of which 9 studies were included in our meta-analysis according to the inclusion and exclusion criteria (Fig. [1](#F1){ref-type="fig"}).^\[[@R14]--[@R17],[@R31]--[@R35]\]^ All of the participants in these studies were children consisting of 928 patients with INS and 879 healthy controls; moreover, steroid resistance data were available for 724 patients comprising 488 patients with SS and 236 patients with SR, which were compared. The subjects in 4 studies were Asian^\[[@R16],[@R17],[@R34],[@R35]\]^ and those from the other 5 were Caucasian.^\[[@R14],[@R15],[@R31]--[@R33]\]^ Seven studies reported genotype frequencies between patients with INS and healthy controls,^\[[@R14]--[@R16],[@R31],[@R32],[@R34],[@R35]\]^ and 7 studies showed the genotype data of SS and SR groups.^\[[@R14]--[@R17],[@R32],[@R33],[@R35]\]^ Haplotype frequencies of both case and control cohorts were described in part in 4 studies.^\[[@R14],[@R15],[@R32],[@R35]\]^ SS and SR groups were also compared in 4 studies (details provided in Table [1](#T1){ref-type="table"}).^\[[@R14]--[@R16],[@R35]\]^ Polymerase chain reaction-restriction fragment length polymorphism (PCR-RFLP) was used for genotyping in 6 studies,^\[[@R14]--[@R16],[@R31],[@R34],[@R35]\]^ the TaqMan genotyping assay was performed in 1 study,^\[[@R17]\]^ and the 2 remaining studies used real-time PCR.^\[[@R32],[@R33]\]^ Blood samples were collected for genotyping in all studies. We tested the controls from all 9 studies for HWE and found that the controls in 1 study were not in HWE for rs1045642 and rs2032582 (*P* \< .001).^\[[@R34]\]^ The quality of the included studies for our meta-analysis was assessed by NOS and all studies were either of medium or high quality in terms of selection and exposure. However, we found that comparability was poor in some studies (Table [2](#T2){ref-type="table"}).
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Characteristics of the individual studies included in the meta-analysis.
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Quality assessment based on the Newcastle--Ottawa Scale.
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3.2. Associations between *MDR1* polymorphisms and INS susceptibility
---------------------------------------------------------------------

Because no significant heterogeneity was identified by *Q* test and *I*^2^ statistic in all genetic models of rs1128503, we used a fixed-effects model and found no evidence of an association in any comparison (Fig. [2](#F2){ref-type="fig"}). Using either a fixed-effects model or a random-effects model in our meta-analysis of rs1045642 and rs2032582, we found no significant correlation between these 2 SNPs and INS occurrence. Next, subgroup analysis was performed according to ethnicity, and we found no statistical evidence of an association for any of these 3 SNPs (Table [3](#T3){ref-type="table"}). Because all subjects in these studies were children, subgroup analysis based on subpopulation was not performed.
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Meta-analysis of *MDR1* polymorphisms and susceptibility to idiopathic nephrotic syndrome.
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3.3. Associations between *MDR1* polymorphisms and steroid responsiveness
-------------------------------------------------------------------------

In our analysis to determine whether there was correlation between *MDR1* polymorphisms and steroid responsiveness, and based on heterogeneity, the allelic comparison in rs1128503, and the homozygous model and recessive model in rs2032582 were pooled for testing in a random-effects model, while the remaining genetic models were performed in a fixed-effects model. We found a significantly increased risk of SR compared with SS with rs1128503 allelic comparisons (T vs. C, OR = 1.49, 95% CI = 1.20--1.86) and under both homozygous (TT vs. CC, OR = 1.97, 95% CI = 1.18--3.30) and recessive (TT vs. CC + CT, OR = 2.03, 95% CI = 1.43--2.88) models (Fig. [3](#F3){ref-type="fig"}). This association remained significant based on the adjusted *P* that was determined from Bonferroni--Holm correction and FDR methods. Our findings from subgroup analysis indicated that both Asian and Caucasian cohorts had an increased risk of SR in allelic comparisons and under a recessive mode of inheritance, but following corrections for multiple comparisons, the allelic comparison in Caucasian children showed no significant difference. In addition, no significant differences between rs1045642 and SR were found in any model tested as well as from subgroup analysis. However, we found from allelic comparisons that rs2032582 was associated with an increased risk of SR compared with SS (T/A vs. G, OR = 1.26, 95% CI = 1.00--1.58). Further subgroup analysis of rs2032582 indicated that Caucasians had an increased risk of SR compared with SS in an allelic comparison (T/A vs. G, OR = 1.56, 95% CI = 1.05--2.31) and under homozygous (TT/AA vs. GG, OR = 2.85, 95% CI = 1.15--7.07) and dominant (TT/AA + GT/GA vs. GG, OR = 2.21, 95% CI = 1.01--4.84) models. However, no statistical significance was detected in any genetic model tested and in subgroup analyses after *P* values were adjusted following FDR or Bonferroni--Holm correction for multiple testing (Table [4](#T4){ref-type="table"}).
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Meta-analysis of *MDR1* polymorphisms and steroid responsiveness.
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3.4. Meta-analysis of haplotypes
--------------------------------

Using available data from these studies, we analyzed the 4 most frequent haplotypes of these SNPs between case and control groups (n = 436 and n = 438, respectively) as well as between SR and SS groups (n = 207 and n = 363, respectively). In our meta-analysis, we found no significant correlation between the *MDR1* rs1128503-rs2032582-rs1045642 haplotypes, C-G-C, T-G-C, T-T-C, and T-T-T, with INS susceptibility. However, we found in Caucasian cohorts that the T-G-C haplotype was associated with an increased risk of SR compared with SS (T-G-C vs. non-T-G-C, OR = 2.02, 95% CI = 1.13--3.59), while in contrast we found that the wild-type C-G-C haplotype was associated with a decreased risk of SR compared with SS (C-G-C vs. non-C-G-C, OR = 0.32, 95% CI = 0.12--0.88). It should be noted that these findings were not significant following adjustments for multiple comparisons. No evidence of an association was found in studies of Asian cohorts (Table [5](#T5){ref-type="table"}).
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Meta-analysis of *MDR1* rs1128503-rs2032582-rs1045642 haplotypes.
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3.5. Sensitivity analysis
-------------------------

Sensitivity analyses were performed to identify the influence of each individual study on the pooled results. We re-tested all genetic models excluding each study in turn as well as excluding the study that deviated from HWE in the control group, and found that the pooled estimates did not change, which demonstrates the results of our meta-analysis were stable (Supplemental Figures S1 and S2).

3.6. Publication bias
---------------------

As shown in Table [6](#T6){ref-type="table"}, no potential publication bias was found in any genetic model according to Begg funnel plot and Egger regression test.
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Results of publication bias.
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4. Discussion
=============

Previous studies have identified over 50 SNPs in the coding region of *MDR1*, of which rs1128503 (C1236T), rs1045642 (C3435T), and rs2032582 (G2677T/A) have been of particular interest. These 3 SNPs showed the highest frequencies in Asian and Caucasian populations and the lowest in African populations.^\[[@R36]--[@R38]\]^*MDR1* variants may affect the expression and function of P-gp that has a crucial role in the pharmacokinetics of several therapeutic drugs including glucocorticoids.^\[[@R39]\]^ Significantly higher expression of *MDR1* and P-gp activity were detected in steroid- and cyclosporine-resistant patients with INS,^\[[@R11]\]^ and a positive correlation between P-gp expression and total prednisone dose has also been demonstrated in children with INS.^\[[@R40]\]^ Therefore, the interindividual variability of steroid response found in patients with INS may be because of functional polymorphisms at *MDR1*.^\[[@R10],[@R41]\]^

This is the first meta-analysis of *MDR1* polymorphisms and INS, which consisted of 9 case-control studies including 928 patients with INS and 879 healthy controls to assess disease susceptibility, and 724 affected individuals consisting of 236 patients with SR and 488 patients with SS to evaluate steroid responsiveness. Our meta-analysis showed no evidence of a correlation between the 3 polymorphisms investigated and susceptibility to INS, which was consistent with the findings from the studies by Choi et al,^\[[@R35]\]^ Cizmarikova et al,^\[[@R15]\]^ and Suvanto et al.^\[[@R32]\]^ Because P-gp affects the pharmacokinetics of GCs, the occurrence of idiopathic NS is unlikely to be related to *MDR1* variants, which is in accordance with our findings. However, because Youssef et al^\[[@R14]\]^ and Jafar et al^\[[@R16]\]^ reported that rs1045642 and rs2032582 were associated with INS susceptibility, additional studies are warranted. It was previously determined that rs1128503 and rs1045642 were synonymous SNPs predicted to not cause amino acid changes.^\[[@R42]\]^ Although we found no significant differences between variants of rs1045642 and patients with SR or SS in our meta-analysis, we found that the rs1128503 polymorphism was robustly associated with an increased risk of SR. Although rs1128503 is a silent SNP, it may still have an effect on protein translation rates thereby influencing protein folding and activity, which contributes to altered substrate specificity of P-gp.^\[[@R43]\]^ In addition, rs1128503 exhibits strong linkage disequilibrium with other functional polymorphisms such as rs2032582.^\[[@R44]\]^ rs2032582 is a non-synonymous variant that causes an amino acid substitution from alanine to serine or threonine that may lead to increased efficiency of the mutated protein by efflux of glucocorticoid or its active metabolites, which results in steroid resistance.^\[[@R16],[@R45]\]^ We found that rs2032582 was associated with a significantly increased risk of SR in Caucasian children with INS. However, the statistical significance of this association between rs2032582 and SR did not remain following FDR adjustments or Bonferroni--Holm corrections for multiple comparisons. Hence, the association between SR and this polymorphism may be a false positive result caused by type I error because of testing multiple hypotheses. Alternatively, we can speculate that this association may be a true positive result reflecting a molecular basis in SR that is not statistically significant in this analysis because of the limited sample sizes of the included studies or other confounding factors such as ethnic- or population-specific differences. Given the results of the association between rs2032582 and steroid resistance of INS were not sufficiently robust to withstand correction for multiple comparisons, further studies are required to verify whether there is a true association. Our findings from haplotype analysis indicated that the T-G-C haplotype was associated with an increased risk of SR with the contrasting finding that the wild-type C-G-C haplotype was associated with decreased SR risk. Our findings validated previous findings of an association between rs1128503 (C1236T) and an increased risk of SR; however, considering adjustments from correcting for multiple comparisons, the limited number of studies evaluated, and heterogeneity, the result should be considered with caution.

Certain limitations should be considered with the interpretation of the findings of our meta-analysis. First, all participants were children. Because an evaluation of these SNPs in *MDR1* in adults with INS has never been reported, the potential effect in adults is not known. Second, heterogeneity was significant in most comparisons of rs1045642 and rs2032582 for susceptibility analysis and subgroup analysis did not account for all the observed effects. These differences may be attributed to different genetic backgrounds, environments, and lifestyles. Third, homogeneity of baseline characteristics was poor when comparing SR to SS in some studies. Overall, well-designed studies including more ethnic groups and larger simple sizes are needed to validate the results of the current meta-analysis.

In conclusion, the present study found no evidence of an association between the *MDR1* polymorphisms, rs1128503, rs1045642, and rs2032582, with susceptibility to INS in children. However, we found robust evidence that the rs1128503 polymorphism is associated with an increased risk of SR in Asian and Caucasian cohorts, and that the rs2032582 polymorphism may be associated with an increased risk of SR in Caucasian children. The findings from our meta-analysis may provide predictive genetic markers to determine glucocorticoid resistance in patients with INS.
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